Abstract Follicular lymphoma (FL) is the second most common non-Hodgkin's lymphoma and generally is incurable. Reliable prognostic markers to differentiate patients who progress rapidly from those who survive for years with indolent disease have not been established. Most cases overexpress Bcl-2, but the pathogenesis of FL remains incompletely understood. To determine whether a proteomic approach could help overcome these obstacles, we procured lymphoid follicles from 20 cases of FL and 15 cases of benign follicular hyperplasia (FH) using laser capture microdissection. Lysates were spotted on reverse-phase protein microarrays and probed with 21antibodies to proteins in the intrinsic apoptotic pathway, including those specific for posttranslational modifications such as phosphorylation. A panel of three antibodies [phospho-Akt(Ser473), Bcl-2, and cleaved poly(ADP-ribose) polymerase] segregated most cases of FL from FH. PhosphoAkt(Ser473) and Bcl-2 were significantly increased in FL (P = 0.001and P < 0.0001, respectively). Additionally, the Bcl-2/Bak ratio completely segregated FL from FH. High ratios of Bcl-2/Bak and Bcl-2/Bax were associated with early death from disease with differences in median survival times of 7.3 years (P = 0.0085) and 3.8 years (P = 0.018), respectively. Using protein microarrays, we identified candidate proteins that may signify clinically relevant molecular events in FL. This approach showed significant changes at the posttranslational level, including Akt phosphorylation, and suggested new prognostic markers, including the Bcl-2/Bak and Bcl-2/Bax ratios. Proteomic end points should be incorporated in larger, multicenter trials to validate the clinical utility of these protein microarray findings.
Follicular lymphoma (FL) is a common and essentially
incurable B-cell malignancy that exhibits marked clinical heterogeneity (1) . Some patients undergo rapid transformation to aggressive lymphoma and die, whereas others survive for years with indolent disease. Even in this latter group, the clinical course usually is characterized by multiple relapses and ultimately progression and death (2) . Reliable prognostic markers have not been established to guide therapy for patients with FL. Pathologic grading lacks adequate reproducibility (3) , and the clinically based International Prognostic Index identifies relatively few high-risk patients (4) . A recent modification of the International Prognostic Index for use in FL has been proposed (5) but its clinical utility has not yet been shown.
No treatment is accepted as conferring a clinically meaningful survival advantage to FL patients (1) . Targeted therapies offer new hope by mitigating the effects of molecular defects in the malignant cells; these cells harbor the t(14;18) translocation in most patients with FL, leading to overexpression of Bcl-2 oncoprotein and inhibition of apoptosis (6) . Although Bcl-2 is an attractive target for therapy (7) , Bcl-2 overexpression alone does not fully explain the pathogenesis of FL. Of FL cases, 10% to 20% lack Bcl-2 overexpression and yet still exhibit inhibition of apoptosis (8, 9) . Furthermore, mice overexpressing Bcl-2 under the control of an immunoglobulin H enhancer develop follicular hyperplasia (FH) but not FL (10) . Rare t (14;18) + cells can be detected in nonmalignant human tissues (11) , and we and others have reported focal colonization of lymphoid follicles by t (14;18) + /Bcl-2 + cells without evidence of systemic FL (12, 13) . These data suggest that pathogenetic mechanisms other than Bcl-2 overexpression exist in FL. Molecular events including p53 alterations accompany transformation of FL to aggressive lymphoma (14) , but earlier events that determine which patients will progress rapidly are unknown.
Recent gene expression profiling studies have identified multigene signatures that correlate with FL outcome (15, 16) . Gene expression profiling, however, may not be able to assess the activation status of apoptotic pathways, which depend on posttranslational events including phosphorylation, cleavage, and proteasomal degradation of the involved proteins (17 -19) .
No adequate in vitro model exists for proteomic analysis of apoptotic pathways in FL. Because the median survival of FL is 8 to 10 years (2), archived frozen tissue samples with informative survival data are scarce. Therefore, we undertook a small study of material from our institution to determine whether protein microarray analysis of apoptotic pathways might be a useful tool to identify prognostic factors in FL, thus warranting a larger, multicenter study. (23, 24) . Lysates were loaded into 384-well plates in serial dilutions (neat, 1:2, 1:4, 1:8, and 1:16) with negative control wells containing lysis buffer only. Dilution series of samples and a reference standard were printed in duplicate onto nitrocellulose-coated glass slides (Schleicher & Schuell Bioscience, Keene, NH) using a ring-and-pin robotic arrayer (GMS 417, Affymetrix, Santa Clara, CA). The reference standard was prepared from Fas ligand -treated Jurkat cells; human peripheral blood lymphocytes treated with pervanadate, IFN-a, granulocyte/macrophage colonystimulating-factor, or phorbol 12-myristate 13-acetate; and human prostate cancer cryosections. This standard has shown strong staining with a wide variety of antibodies in prior array experiments. Additional arrays were printed using known concentrations of recombinant human Bcl-2 (Oncogene Research Products, Cambridge, MA) to provide further validation.
Materials and Methods
Immunostaining and analysis of reverse-phase protein microarrays. Microarrays were stained as previously described (23) on an autostainer (DAKO, Carpinteria, CA) using a biotinyl-linked catalyzed signal amplification system (DAKO). Antibodies were validated by Western blot as previously described (25) and concentrations were optimized using test arrays containing FL and tonsil lysates. Stained arrays were scanned on a UMEX flatbed scanner. Total protein content of each array spot was detected using Sypro Ruby Protein Blot Stain (Molecular Probes, Eugene, OR) and a fluorescence imaging system (Alpha Innotech, San Leandro, CA). Mean pixel intensities were calculated with background correction using ImageQuant software (v. 5.2, Molecular Dynamics, Piscataway, NJ). For each sample, the slope of the regression line best fitting the linear range of the dilution curve was used to determine relative protein expression (26) . Data were normalized to total protein and to the reference standard.
Immunohistochemical staining of tissue sections. CD20, CD3, and Bcl-2 immunostains were done as previously described (9) . T cells within neoplastic follicles were counted in 10 representative highpower fields. Double immunostaining was done on deparaffinized formalin-fixed tissue sections as previously described (27) with minor modifications. Briefly, after 8 minutes microwave antigen retrieval (High pH Target Retrieval Solution, DAKO) slides were blocked in TBS containing 3% goat serum (Invitrogen). Sections were incubated with rabbit polyclonal anti-Bak antibody (1:100; Cell Signaling, Beverly, MA) for 2 hours and with mouse monoclonal antibody against either Pax-5 (1:200; Becton Dickinson, San Jose, CA) or ZAP-70 (1:2,000; Upstate, Charlottesville, VA) for 60 minutes. Signal detection was done on an autostainer (DAKO) using species-specific EnVision + -labeled polymer-horseradish peroxidase antibody and either 3,3V -diaminobenzidine tetrahydrochloride or Vector VIP peroxidase substrate kit (Vector Laboratories, Burlingame, CA). Images were acquired using an Olympus DP12 camera and BX50 microscope (Olympus, Melville, NY).
Statistical methods. Hierarchical clustering was done using JMP 5.0 (SAS Institute, Cary, NC) with the approach adopted for cDNA microarrays (28) . Because most proteins were similarly expressed in FH and FL, supervised analysis was carried out using principal component analysis. The proteins that contributed most to the scatter of the data (highest absolute values) were chosen from the eigenvector that visually best separated FL from FH (29) . Hierarchical clustering was repeated using panels of varying numbers of high-scoring proteins to find the panel that best differentiated the two groups. Partition analysis (30, 31) was done using JMP. Data are presented as means F SDs, except survival data, which are presented as medians. Significance was defined as P < 0.05; for analyses involving the panel of 21 antibodies, significance was defined as P V 0.002 to correct for multiple comparisons. Comparisons were analyzed using the Mann-Whitney test or Spearman rank correlation. Survival data were plotted using the Kaplan-Meier method and analyzed using the log-rank (Mantel-Cox) test. Analyses were done using JMP 5.0 or StatView (SAS Institute).
Results
Lymphoid follicles were isolated from cases of FL and FH using laser capture microdissection (Fig. 1A) . Reverse-phase protein microarrays were constructed (Fig. 1B) and probed with antibodies to 21 proteins related to apoptosis, including phosphorylated and cleared forms ( Table 1 ). All antibodies were validated by Western blot (Fig. 1C) . Arrays were scanned and dilution curves were used to quantitate relative protein expression (Fig. 1D) . Test arrays showed mean intraarray and interarray coefficients of variation of 7.8% and 7.7%, respectively. Sensitivity was <50 fg/AL.
Principal component analysis segregates follicular lymphoma from follicular hyperplasia. Principal component analysis was done to determine the panel of antibodies that could best differentiate FL from FH. This analysis identified Bcl-2, phospho-Akt(Ser473), and cleaved poly(ADP-ribose) polymerase as the strongest discriminators. Hierarchical clustering based on this panel separated the cases into two groups, one containing 13 FH cases and 3 FL cases and the other containing 17 FL cases and 2 FH cases ( Fig. 2A) . As expected, total Bcl-2 was significantly overexpressed in FL (expression relative to FH, 3.73 F 2.59; P < 0.0001; Fig. 2B ). Phospho-Bcl-2 expression was similar to FH (Ser70, 1.32 F 0.54; Thr56, 1.11 F 0.47). Phospho-Akt(Ser473) was overexpressed in FL (2.25 F 1.11; P = 0.001) but total Akt and phospho-Akt(Thr308) were not (1.05 F 0.38 and 1.02 F 0.37, respectively; Fig. 2C ). Phospho-Akt(Ser473) expression did not correlate significantly with Bcl-2 expression (R = 0.35; P = 0.13). Cleaved poly(ADPribose) polymerase was decreased in FL (0.77 F 0.24; Fig. 2D ) although this was not significant when corrected for multiple comparisons (P = 0.023). Total poly(ADP-ribose) polymerase expression was similar in FL and FH.
Partition analysis segregates follicular lymphoma from follicular hyperplasia. Partition analysis was used to develop a model that completely separated FL and FH on the basis of Bcl-2, Akt, and Bak expression values (Fig. 3A) . Although Bcl-2 expression was the dominant component of this model, Bcl-2 expression alone showed a region of overlap between FL and FH (Fig. 3B) . Bak played a greater contributing role than Akt, and a two-dimensional plot of Bcl-2 versus Bak showed discrete clustering of FL and FH cases (Fig. 3C) . The Bcl-2/Bak ratio completely segregated FL from FH, with increased Bcl-2/Bak ratios corresponding to FL (Fig. 3D) .
Increased Bcl-2/Bax and Bcl-2/Bak ratios are associated with early death from follicular lymphoma. Clinicopathologic data from the FL patients are shown in Table 2 . Follow-up ranged from 1.1 to 15.2 years from time of biopsy. Median overall survival was 9.3 years. Neither stage at diagnosis nor administration of chemotherapy before biopsy was significantly associated with survival. There were trends toward shorter survival times among patients with a histologic grade of 3 or a diffuse component, but these differences were not statistically significant. No individual protein showed a statistically significant association with survival.
Because the Bcl-2/Bax ratio has been reported to regulate apoptosis (32) and correlate with outcome in other tumors (33) , and Bcl-2/Bak ratios segregated FL from FH in the present study, we investigated the potential prognostic significance of these ratios in FL. Using the median Bcl-2/Bax ratio of 2.90 as a cutoff value, increased Bcl-2/Bax ratios were associated with significantly shorter survival times (median, 7.6 versus 11.4 years; P = 0.018; Fig. 4A ). The mean Bcl-2/Bax ratio was 1.00 F 0.40 in FH, 1.97 F 0.44 in FL with good outcome (survival z10 years), and 5.33 F 4.30 in FL with poor outcome (survival <10 years, excluding censored cases; see Fig. 4B for P values). Using the median Bcl-2/Bak ratio of 1.87 as a cutoff value, increased Bcl-2/Bak ratios were associated with significantly shorter survival times (median, 4.1 versus 11.4 years; P = 0.0085; Fig. 4C ). Bcl-2/Bak ratios were 0.59 F 0.17 in FH, 1.55 F 0.27 in FL with good outcome, and 2.94 F 1.73 in FL with poor outcome (see Fig. 4D for P values). Bcl-2, Bax, and Bak were not significantly associated with outcome when analyzed individually.
Bak is expressed in the neoplastic cells of follicular lymphoma. The neoplastic B cells of FL express Bcl-2 and Bax (9) . The expression pattern of Bak in FL has not been reported. The neoplastic follicles of FL contain both malignant B lymphocytes and nonneoplastic immune cells (21) . To determine which (Fig. 4E ) and in nonneoplastic T cells (Fig. 4F) . The microarray values for Bak expression did not correlate significantly with the T-cell density in the neoplastic follicles (R = À0.27; P = 0.24).
Discussion
This study shows the potential of protein microarrays to identify prognostic markers in FL, a B-cell lymphoma characterized by inappropriate inhibition of apoptosis (9, 35) . Apoptotic pathways represent one important determinant of cell fate, and the activation of these pathways depends on posttranslational events that may not be reflected in gene expression profiles. Therefore, we employed a proteomic approach to study FL, using reverse-phase protein microarrays (25) to allow comparison of protein expression in multiple tissue samples simultaneously. This technique shows high sensitivity due to signal amplification via horseradish peroxidase -mediated biotinyl-tyramide deposition. Printing serial dilution curves of each sample allows analysis in the linear range of each curve, and enhances the ability to analyze the broad range of protein concentrations present in the human proteome (compared with, for example, RNA concentrations; refs. 36, 37).
Hierarchical clustering of cDNA microarray data has played a pivotal role in elucidating lymphoma biology. In addition to identifying prognostic gene expression profiles in FL (15, 16) , this approach has been used to characterize the cytokine milieu of the FL microenvironment (38) , identify profiles that differentiate FL from other B-cell lymphomas (39, 40) , and characterize gene expression profiles associated with the t(14;18) translocation (41) . Similarly, clustering has greatly facilitated identification of biologically relevant differences in protein expression using reverse-phase protein microarrays (42) . Future coupling of gene expression and proteomic profiling may provide an even more comprehensive and powerful approach to molecular profiling of lymphoma.
In this study, we used hierarchical clustering to evaluate antibody panels identified by principal component analysis. FL recapitulates the biology and morphology of reactive lymphoid follicles, and most proteins examined in this study were similarly expressed in FL and FH. Nevertheless, a panel of three antibodies segregated most cases of FL from FH. Not surprisingly, this panel included the antibody to Bcl-2; interestingly, however, expression of phospho-Bcl-2 was similar in FL and FH. Some studies indicate that phospho-Bcl-2 loses its antiapoptotic function and is targeted for proteasomal degradation (43, 44) . Despite increased expression of total Bcl-2 in FL, the phosphorylated fraction does not seem to be proportionately increased.
Phospho-Akt(Ser473) was increased in FL, whereas total Akt and phospho-Akt(Thr308) did not differ from FH. These findings support data from a smaller, separate study which showed increased phospho-Akt(Ser473) expression in FL but did not examine phospho-Akt(Thr308) (9) . Akt inhibits apoptosis and is activated by phosphorylation via the phosphatidylinositide 3V -OH kinase cascade (45) . An association between Akt activity and selective phosphorylation at cDOD, died of disease; DFD, died free of disease; AWD, alive with disease; NED, no evidence of disease.
Ser473, but not at Thr308, has been reported in colorectal cancer (46) . In our previous study, phospho-Akt expression was increased in Bcl-2 -negative FL as well as Bcl-2 -positive FL (9) . In the present study, phospho-Akt(Ser473) expression did not correlate significantly with Bcl-2 expression. Taken together, these findings suggest that Akt activation may be an important signaling event in FL that functions independently of Bcl-2. This is the first study to suggest the biological importance of the Bcl-2/Bak ratio in FL. Bcl-2/Bak ratios completely discriminated FL from FH, and patients with high ratios died significantly sooner than patients with low ratios. Bak is a conserved homologue in the Bcl-2 protein family that acts at the mitochondrial membrane to facilitate release of cytochrome c, triggering caspase activation and apoptosis (47) . Bcl-2 inhibits the proapoptotic effects of Bak by preventing Bak oligomerization (48) . Bak expression has been reported to be low in FL (49) , and the cell types producing Bak in FL have not been previously reported. We showed that Bak is expressed in the neoplastic B cells of FL as well as in intermixed reactive T cells. Because T-cell density did not correlate with overall Bak expression, the prognostic significance of the Bcl-2/Bak ratio likely relates to coexpression of Bcl-2 and Bak in malignant B cells.
Bax is another proapoptotic Bcl-2 family member related structurally and functionally to Bak (47) . The Bcl-2/Bax ratio has been called a ''rheostat'' regulating apoptosis at the cellular level (32) . Elevated Bcl-2/Bax ratios measured using flow cytometry have been associated with poor prognosis in acute myeloid leukemia (33); however, this approach is not applicable to archived frozen tissue. Reverse-phase protein microarrays, by using lysates derived from the cell population of interest and determining relative expression from the linear portion of the dilution curve, are well suited to accurately quantitate protein ratios from archived tissue.
In summary, this study shows the potential of protein microarrays to identify clinically relevant molecular events in patients with FL. These events include posttranslational modifications, such as activation of Akt by phosphorylation, which are critical in apoptotic regulation. These initial results also suggest that Bcl-2/Bak and Bcl-2/Bax ratios may be important prognostic indicators in patients with FL. Because proteins are the direct functional effectors of apoptotic decision-making in the cell, proteins that have biological importance in FL also merit investigation as potential therapeutic targets. Recent strategies include inhibiting Bcl-2 function or expression, enhancing activity of Bak and Bax, and disrupting Akt signaling (7, 50) . However, agents with proven ability to achieve these molecular alterations are not yet available in the clinic. Thus, clinical development of targeted therapeutics should be coupled with investigation of proteomic end points in larger, multicenter trials to optimize the strategy of using molecular profiles to guide clinical therapies. A , FL patients with Bcl-2/Bax ratios above the median value died sooner than those with lower ratios (P = 0.018). Neither Bcl-2 nor Bax alone had significant prognostic value. B, Bcl-2/Bax ratios were highest in FL patients with poor prognosis (death within 10 years). P values are shown. C, the Bcl-2/Bak ratio was an even stronger prognostic marker. FL patients with high ratios died sooner than those with low ratios, with a 7.3-year difference in median overall survival (P = 0.0085). D, Bcl-2/Bak ratios also were highest in FL patients with poor prognosis. E, Bak protein was shown immunohistochemically as granular brown cytoplasmic staining in the neoplastic B cells of FL (arrow). The scattered cells with purple nuclear staining are nonneoplastic T cells stained for ZAP-70. F, nonneoplasticTcells also express Bak protein (arrow). The numerous surrounding cells with purple nuclear staining are the neoplastic B cells of FL stained for Pax-5.
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